ABSTRACT By taking advantage of a recently developed reference marker set for avian genome analysis we have constructed a gene-based genetic map of the collared flycatcher, an important ''ecological model'' for studies of life-history evolution, sexual selection, speciation, and quantitative genetics. A pedigree of 322 birds from a natural population was genotyped for 384 single nucleotide polymorphisms (SNPs) from 170 protein-coding genes and 71 microsatellites. Altogether, 147 gene markers and 64 microsatellites form 33 linkage groups with a total genetic distance of 1787 cM. Male recombination rates are, on average, 22% higher than female rates (total distance 1982 vs. 1627 cM). The ability to anchor the collared flycatcher map with the chicken genome via the gene-based SNPs revealed an extraordinary degree of both synteny and gene-order conservation during avian evolution. The great majority of chicken chromosomes correspond to a single linkage group in collared flycatchers, with only a few cases of inter-and intrachromosomal rearrangements. The rate of chromosomal diversification, fissions/fusions, and inversions combined is thus considerably lower in birds (0.05/MY) than in mammals (0.6-2.0/MY). A dearth of repeat elements, known to promote chromosomal breakage, in avian genomes may contribute to their stability. The degree of genome stability is likely to have important consequences for general evolutionary patterns and may explain, for example, the comparatively slow rate by which genetic incompatibility among lineages of birds evolves.
G
ENOMICS is in a phase where new technology allows genome characterization beyond that of traditional model organisms and species of medical or agricultural interest. For example, genomic analyses of nonmodel species holds great promise for dissecting the genetic background to fitness traits in natural populations, to adaptive population divergence, to speciation, and to other key aspects of evolutionary biology (Ellegren and Sheldon 2008) . Genomic characterization of new and phylogenetically divergent lineages has the additional benefit that it provides the necessary comparative perspective for addressing the evolution of genome organization. Specifically, with genetic maps or genome sequence information available across taxa, the broad-scale pattern of genome and chromosomal evolution can be investigated. This, in turn, opens the possibility of investigating to what extent evolution at the chromosomal level sets the stage for the evolutionary processes, which occur on the level of the phenotype.
Reshuffling of chromosomal segments, through translocations and inversions, is an integral part of genome evolution. However, it is clear that the rate of rearrangement differs radically among lineages as well as on a temporal scale (Kohn et al. 2006; FergusonSmith and Trifonov 2007) . From comparative mapping of chicken and different mammals it was suggested that the rate of chromosomal rearrangement in the avian lineage is very low (Burt et al. 1999 ). This has subsequently been confirmed through analyses of vertebrate genome sequence data, including chicken (Bourque et al. 2005) , the only bird that has had its genome sequenced to date (International Chicken Genome Sequencing Consortium 2004) . Moreover, evidence for an unusually stable avian karyotype with few interchromosomal rearrangements has been obtained by cross-species chromosome painting or the use of other types of in situ hybridization probes (Shetty et al. 1999; Shibusawa et al. 2001 Shibusawa et al. , 2004a Raudsepp et al. 2002; Guttenbach et al. 2003; Kasai et al. 2003; Derjusheva et al. 2004; Schmid et al. 2005; Itoh et al. 1 2006; Fillon et al. 2007; Griffin et al. 2007; NishidaUmehara et al. 2007 ). However, these experiments rarely have the resolution for detecting intrachromosomal or small-scale interchromosomal rearrangements.
Genetic maps are available for turkey (Reed et al. 2005) and quail (Kayang et al. 2006) , two agricultural species that are closely related to chicken as members of the order Galliformes. However, a lack of genetic markers, in particular those informative for comparative mapping, has been a major obstacle to linkage analyses of bird species belonging to other orders. As a consequence, linkage mapping in natural bird populations is still in its infancy. Hansson et al. (2005) developed a partial microsatellite-based linkage map (58 markers) in the great reed warbler (Acrocephalus arundinaceus), a species from the order Passeriformes, the largest and ecologically most well-studied group of birds. This study also made the unexpected observation that the recombination rate was twice as high in females as in males, which is in contrast to the prevailing trend of recombination usually being lower in the heterogametic sex (in birds, males are ZZ and females ZW). Backströ m et al. (2006) reported on a gene-based linkage map of the Z chromosome of another passerine species, the collared flycatcher (Ficedula albicollis). The Z chromosome was found to be completely syntenic between collared flycatcher and chicken. Subsequently, Dawson et al. (2007) developed an extended great reed warbler map and found a high degree of chromosomal conservation when compared to chicken (see also Å kesson et al. 2007) .
We have recently adopted the comparative anchortagged sequences approach (Lyons et al. 1997) to develop a genomewide, gene-based marker resource for avian comparative mapping (Backströ m et al. 2008) . This set of 2001 markers target conserved exonic sequences in genes spread over all chromosomes currently covered in the chicken genome assembly, with a mean marker interval of 4 Mb. The uniform distribution of these markers across the chicken genome means that, if they are used for comparative mapping in other birds, the degree of synteny and gene-order conservation across a significant part of the avian genome can be revealed. Here we present a genetic linkage map of the collared flycatcher based on the new marker set. This species has long been in focus for studies of sexual selection, life-history evolution, and speciation (Gustafsson and Sutherland 1988; Gustafsson and Pärt 1990; Gustafsson et al. 1995; Ellegren et al. 1996; Qvarnströ m et al. 2000 Qvarnströ m et al. , 2006 Veen et al. 2001; Saether et al. 2007 ) and hence is a well-established ''ecological model organism.'' Importantly, songbirds (passeriforms) and galliforms diverged at the time of the major radiation of avian lineages %100 million years (MY) ago (Van Tuinen et al. 2000) . With genetic map data for the collared flycatcher we can thus address genome evolution at the level of gene order across two highly divergent lineages of the avian phylogenetic tree.
MATERIALS AND METHODS
Species samples and DNA extraction: Blood samples were collected from collared flycatcher (F. albicollis) families breeding on the Baltic islands Ö land and Gotland and DNA was extracted by a standard proteinase K digestion/phenolchlorophorm purification protocol. The mapping pedigree consisted of 24 half-sib families with a few interconnections and 11 F 2 's, in total 322 birds (supplemental Table 1 ) after excluding all recognized extra-pair offspring (see below).
Marker genotyping: In a previous resequencing effort, we surveyed 200 collared flycatcher genes for intronic diversity among 10 unrelated individuals from the same population as the mapping pedigree, which uncovered 904 segregating sites (Backström et al. 2008) . From this, 341 single nucleotide polymorphisms (SNPs) with a minor allele frequency of .0.1 and representing the majority of all genes screened were selected for genotyping in the pedigree; for many genes, more than one SNP from the same intron were included. An additional 43 SNPs were obtained from 21 different genes previously screened for variability in collared flycatchers (Borge et al. 2005) (Table 1 ). The total of 384 SNPs were genotyped using the Golden Gate Assay (Fan et al. 2003) from Illumina (San Diego) at the SNP Technology Platform, Uppsala University (http:/ /www.medsci.uu.se/molmed/ snpgenotyping/index.htm). The overall genotype call rate was 95.7% and the reproducibility was 100% according to duplicate analysis of 5.4% (7218/132,848) of the genotypes. The quality of the genotype data was further assessed by testing for Hardy-Weinberg equilibrium (HWE) using the chi-square distribution for each assay. All SNPs conformed to HWE.
Seventy microsatellites were isolated from the closely related pied flycatcher (Ficedula hypoleuca: Leder et al. 2008) . Sixty-three of these markers, as well as five EST-linked microsatellites and nine microsatellites from other passerines , were PCR multiplexed in sets of six to nine loci using 30 ng of DNA per reaction. Each PCR multiplex could be analyzed on a single run of an ABI3130xl (Applied Biosystems). Detailed PCR multiplex protocols and electrophoresis details can be found in Karaiskou and Primmer (2007) .
Data analysis: Microsatellites were scored using the GeneMapper software (Applied Biosystems). SNPs from the same intron were combined into haplotypes using the available pedigree information. For both types of markers, missing data points of parents were inferred from the haplotypes of offspring and mates when possible. Offspring showing deviations from the expected parental genotypes/haplotypes were not included in further analysis. These are likely to represent extra-pair offspring since previous work in this population has revealed that $15% of all offspring result from extra-pair copulations (Sheldon et al. 1997; Sheldon and Ellegren 1999) .
Linkage analyses were performed with CRI-MAP (Green et al. 1990) . Initially, all markers were tested against each other with the two-point option and markers that clustered together with significant lod score support (.3.0) were treated as linkage groups. Framework maps were constructed with the build option and the best position of all markers within an ordered linkage group was then estimated with recurrent runs of the option flips4 until no better order could be found (best order map).
Microsatellite clone sequences were used in cross-species MEGABLAST searches against the chicken genome sequence (http:/ /www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen. cgi?taxid¼9031), first with default settings and then with relaxed settings according to Dawson et al. (2006) . Both search methods generated the same set of significant (arbi- ) hits, although the relaxed settings generated somewhat lower E-values. Because of this procedure 20 of the microsatellites could be anchored to a single location in the chicken genome and therefore be used for comparative studies. Chicken genomic locations were taken from Build 2.1 of the chicken genome, obtained from http:/ /www.ncbi.nlm. nih.gov/mapview/maps.cgi?taxid¼9031. Data on chicken recombination rates were from the same source. The particular markers that we used for collared flycatcher mapping were not always included in the chicken genetic map. To obtain recombination rate estimates for orthologous regions of the collared flycatcher and chicken genomes, we therefore used data from genetic markers located preferably within 1 Mb of our markers in the chicken genome. Graphical presentations of genetic maps were created in MapChart (Voorrips 2002) .
RESULTS

Marker analysis:
We genotyped 384 previously identified SNPs in a pedigree of 322 collared flycatchers. After excluding SNPs found to be monomorphic in the pedigree (36 sites) or with a sample call rate ,60% (23), segregation data for 321 SNPs from 170 genes became available. These genes are from 26 of the 28 chromosomes contained within the most recent (May 2006) version of the chicken genome assembly; it was not possible to develop conserved markers for Gga16 and Gga25 due to a lack of assigned genes to these small microchromosomes. SNPs from the same intron were combined into haplotypes to increase the informativeness of each gene in pedigree analysis. In addition, 71 polymorphic microsatellites were scored in the pedigree. We thereby had a total of 241 loci (''markers'') available for mapping. The average number of informative meioses for SNP haplotypes and microsatellites was 184 and 240, respectively (supplemental Table 2 ).
Linkage mapping: Linkage analysis detected significant two-point linkage (lod score .3.0) to at least one other marker for 211 of the 241 loci. These 211 markers form a best-order genetic map consisting of 33 linkage groups (Figure 1 ), ranging in size from a genetic length of 325 cM (with 37 markers) to 0 cM (two groups with two markers showing no recombination). We refer to these linkage groups as Fal1-33 (F. albicollis linkage groups 1-33). The mean genetic distance between adjacent markers in the map is 10.0 cM (66.7 SD). A framework map based on markers showing a multi-point lod score .3 is presented in supplemental Figure 1 ; generally, the framework map differs from the bestorder map only by the inability to confidently place some markers on either side of adjacent loci. The total sex-average length of the best-order map is 1787 cM, with significantly more recombination in males (P ¼ 0.01, Wilcoxon's test for paired data). Overall, recombination is 22% higher in males than in females (total distance 1982 vs. 1627 cM), although for individual intervals the female point estimate is sometimes higher than the male estimate. Sex-specific linkage maps are presented in supplemental Figure 2.
Thirty markers (22 genes and eight microsatellites) remain unlinked. It is clear that this is at least in part due to a lack of power to detect linkage, since unlinked markers are highly overrepresented among markers with a low number of informative meioses (supplemental Table 2 ). However, nine unlinked genic SNP haplotypes and six unlinked microsatellites appear as singletons despite .70 informative meioses. Because the microsatellites were isolated by random library screening , it is possible that they correspond to regions of the chicken genome, which is not yet contained within the chicken genome assembly. For the gene-based SNPs, a possible explanation of the absence of linkage is that they are located in regions of high recombination within conserved linkage groups. Given the observation that recombination rates tend to be elevated toward telomeric ends of avian chromosomes (International Chicken Genome Sequencing Consortium 2004; Schmid et al. 2005; Wahlberg et al. 2007) , this explanation is supported by the fact that 6 of 9 unlinked genes are the most distal marker on chicken chromosomes in our marker set (at 2p, 3p, 4q, 5q, 10p, and 10q, respectively). Alternatively, they may indicate chromosomal rearrangements (see supplemental data).
Comparative mapping: A major advantage of this map is that genic markers allow the identification of homologous regions in the genomes of other species; this is particularly important for the ability to transfer genomic information from model organisms to nonmodel ones. The 33 collared flycatcher linkage groups correspond to 24 different chromosomes in chicken, with the 2 remaining chicken chromosomes from which we had markers (Gga18 and Gga22) each being represented by two to three unlinked singletons. By comparing the location of gene sequences in the chicken and collared flycatcher genomes (as well as of 20 flycatcher microsatellites for which a homologous sequence could be identified in chicken), we find a remarkable degree of chromosomal conservation, both at the level of shared synteny and at the level of conserved gene order (Figure 2) . No fewer than 18 chicken chromosomes correspond to a single linkage group in the collared flycatcher, indicating completely conserved synteny.
Seven chicken chromosomes are orthologous to two to three collared flycatcher linkage groups, suggestive of fusion/fission events. However, as discussed in detail in the supplemental data, several of these cases are likely to represent a lack of power to connect linkage groups that originate from the same collared flycatcher chromosome. The interval between SNP-based gene markers is generally ,10 Mb in the chicken genome. As recombination rates are known to vary across the genome, particularly due to the presence of recombination hot spots, physical intervals of this size may correspond to genetic distances longer than that possible for detecting linkage. Of course, length expansions in the collared flycatcher genome would accentuate such problems. In the end, only two rearrangements that distinguish the karyotypes of the chicken and the collared flycatcher are strongly supported by our data (supplemental data) and are also independently confirmed in other species. These include a fission of the ancestral chromosome 1 in Passeriformes to yield the collared flycatcher linkage groups Fal3 and Fal8 (supported by data in Guttenbach et al. 2003; Derjusheva et al. 2004; Itoh and Arnold 2005) and the fusion of ancestral chromosomes 4 (corresponding to Fal5) and 10 (Fal18) in the chicken lineage to yield Gga4 (supported by Reed et al. 2005) . One or a few more rearrangements could be indicated by our data but would need a denser map for confirmation.
Generally, gene order within syntenic groups is completely conserved in the chicken-collared flycatcher comparison. There are 18 cases of intrachromosomal rearrangements in the best-order map. However, only 7 of these remain in the framework map [corresponding to Gga1-Fal4 (two cases), Gga1-Fal8, Gga3-Fal2, Gga4-Fal5, Gga15-Fal9, and Gga20-Fal15; supplemental Figure  1] ; the other 11 cases are in the form of inversed order of markers that is not statistically supported (multi-point lod score ,3). Six of the 7 well-supported cases are consistent with rather short inversions of $1.5-6 Mb according to the chicken genome sequence, while the seventh represents a large proportion of Gga4-Fal5 that spans at least 38 Mb.
DISCUSSION
This work reveals an evolutionary stasis of gene order and chromosome organization in a comparison of two highly diverged avian lineages, estimated to have separated 100 million years ago (MYA) ago. Our results confirm the stability of avian genomes previously indicated by results from comparative mapping in chicken and mammals (Burt et al. 1999; Bourque et al. 2005) and from cytogenetic (e.g., Griffin et al. 2007 ) and genetic (e.g., Dawson et al. 2007 ) analyses within birds. However, as previous work has been largely insensitive to intrachromosomal structures, and to fine-scale interchromosomal organization, our findings extend the observation of the genomic stability of birds to be valid also at the level of gene order and organization and across distantly related taxa.
Stasis of avian genome organization: The karyotype of the collared flycatcher has not been characterized, but the great majority of passerine birds so far analyzed have a chromosome number between 78 and 80, i.e., quite similar to the 2n ¼ 78 of chicken (Gregory et al. 2006) . The structure of the karyotype is also well conserved with a few large macrochromosomes and a large number of very small microchromosomes. Moreover, available data from measurements of DNA content indicate that genome size is more or less identical in chicken and birds from the order Passeriformes, at just %1 Gb (Gregory et al. 2006) . Assembled genome sequence has been assigned to 28 of the 36 chicken autosomes (Gga29-36 are not covered in the assembly and represent microchromosomes with ,5-10 Mb DNA). Most of these chromosomes correspond to a single linkage group in the collared flycatcher map. We find strong support for two interchromosomal rearrangements that have occurred since the divergence of the lineages leading to the chicken and the collared flycatcher, rearrangements which are also supported by previous observations (International Chicken Genome Sequencing Consortium 2004; Griffin et al. 2007 ). There are other gaps in the collared flycatcher linkage map aligned to chicken that might indicate the presence of one to three additional fissions or fusions (corresponding to Gga1, Gga3, and Gga12). However, it is possible that we lack the power to detect linkage in these cases because markers flanking the gaps might be too far apart, contain too little information, or are separated by a region of high recombination rate (see supplemental data).
There is also evidence for at least seven intrachromosomal rearrangements in the chicken-collared flycatcher comparison. Four of these have occurred in the vicinity of the sites for interchromosomal rearrangement, indicating that there are regions of avian chromosomes that are particularly fragile and prone to different types of rearrangement. The number of observed intrachromosomal rearrangements in the collared flycatcher-chicken comparison is roughly two to three times the number of interchromosomal rearrangements. A similar ratio is also found in mammals (Pevzner and Tesler 2003; Pontius et al. 2007 ). This indicates that it is not just the inter-or the intrachromosomal rate of rearrangement that is low in birds; rather, it is the overall rate of rearrangements that is uniformly low.
The incidence of inter-and intrachromosomal rearrangements seen in this study can be used to roughly estimate the minimum rate of chromosomal rearrangement in birds. We have to take into account that our map does not cover the entire genome and that the resolution may be insufficient for detecting small rearrangements within mapped regions. With this caveat in mind and assuming a 66% genomic coverage of the map (see below) and 100 MY since the most recent common ancestor of Galliformes and Passeriformes (200 MY of evolution in total), there is an overall minimum rate of chromosomal exchange during avian evolution of approximately one event/15 (200/9 3 0.66) MY (0.045/ MY). Separate estimates for inter-and intrachromosomal rearrangement give one fission/fusion event/66 MY (0.015/MY) and one large-scale inversion event/19 MY (0.05/MY). This is considerably lower than what has been estimated for mammalian lineages (%0.6-2.0; Pontius et al. 2007 ) and gives a quantitative idea of the relative stability of avian genomes. The genomic integrity shown by the comparison of two distantly related avian lineages provides insight into vertebrate karyotype evolution. It has been shown that the rate of chromosomal diversification varies considerably on a temporal scale (Ferguson-Smith and Trifonov 2007) . For example, while the rate of chromosomal diversification is thought to have been comparatively high in the lineage leading from an early vertebrate ancestor to the eutherian ancestor, by contrast it was considered to be low in the lineage from the eutherian ancestor to the primate ancestor (and continued to be so in the human lineage) (Kohn et al. 2006) . However, no such temporal heterogeneity is indicated in either the chicken or the collared flycatcher lineage. In fact, the ancestral vertebrate karyotype is highly conserved in the chicken so genomic stability must have been prevalent all along the lineage leading to modern birds since the split of synapsids and diapsids 310 MYA. The only clear exception is provided by birds of prey that have an atypical bird karyotype that lacks distinct macrochromosomes and microchromosomes (Deoliveira et al. 2005) .
Why does the degree of genomic integrity differ extensively between birds and mammals? One possible explanation relates to the role of repeat elements in governing chromosome fragility and the dearth of active families of interspersed repeat elements in avian genomes (International Chicken Genome Sequencing Consortium 2004) . Breakpoints for chromosome rearrangements tend to be enriched with interspersed repetitive elements, low-copy repeats, and segmental duplications (Bailey et al. 2004; Freudenreich 2007; Kehrer-Sawatzki and Cooper 2007) , including in chicken (Gordon et al. 2007) . Mechanistically, unequal crossing over between repeated sequences within or between chromosomes is likely to contribute to this pattern (Lupski and Stankiewicz 2005) . The bird genome has remained compact and repeat poor during avian evolution (Organ et al. 2007) ; there is only one abundant class of interspersed repeats in the chicken genome: the long interspersed CR1 element, with a vanishingly small proportion representing anything other than short and heavily truncated copies (International Chicken Genome Sequencing Consortium 2004). In light of the potential link between a low-repeat content and chromosomal integrity, it is tempting to invoke a nonadaptive explanation to genomic stability of birds.
One interesting aspect of genomic stability of birds is the role of chromosomal rearrangements in speciation (Noor et al. 2001; Rieseberg 2001; Navarro and Barton 2003) . It is known that crosses between chromosomal variants can result in hybrid inviability or impaired fitness (Capanna and Castiglia 2004) . Speciation rates differ considerably between birds and mammals with the evolution of post-zygotic incompatibility being $10 times slower in birds than in mammals (Price and Bouvier 2002; Fitzpatrick 2004) . It is possible that the formation of post-zygotic barriers in birds is delayed due to the slow rate of chromosomal rearrangement.
A partial genetic map, based mainly on microsatellites and AFLP markers, has been developed for another passerine bird, the great reed warbler (Hansson et al. 2005; Å kesson et al. 2007; Dawson et al. 2007) . The seven collard flycatcher-chicken gene-order differences that we detected in this study are not evident in the comparison between the great reed warbler and the chicken (Dawson et al. 2007 ). This could suggest that these inversions arose in the collared flycatcher lineage subsequent to the split of Muscicapoidea-Sylvoidea. However, the physical marker density and chromosomal coverage in the great reed warbler map is relatively low, especially for markers informative in comparative mapping, so it may be that the resolution is not sufficient for detection of some intrachromosomal rearrangements. Neither of these inversions is seen in the fairly dense map of the turkey genome (Reed et al. 2005 ) so they may have arisen either early in the evolution of Galliformes or somewhere along the passerine lineage leading to the collared flycatcher. The great reed warbler map revealed two clear cases of inversions when compared to chicken chromosomes 1 and 2, respectively (Dawson et al. 2007 ). However, they are not seen in the collared flycatcher-chicken comparison despite dense marker coverage in these regions. They are therefore likely to have arisen in the lineage leading to the great reed warbler subsequent to the split of Muscicapoidea-Sylvoidea.
Sex-specific recombination rates: There is evidence for heterochiasmy in collared flycatchers and the direction (22% more recombination in males) is in agreement with the Haldane-Huxley rule, which states that, in species where the autosomal recombination rate differs quantitatively between sexes, it is usually the heterogametic sex that has a reduced recombination rate. However, as in several galliform birds (Groenen et al. 2000; Kayang et al. 2004; Reed et al. 2005) , the difference is not as pronounced as that seen in most mammals [in humans, for example, the female rate is $1.6 times higher than the male rate (Broman et al. 1998)] . The great reed warbler shows a quite contrasting pattern, with a more than twofold excess of recombination in females (Hansson et al. 2005; Dawson et al. 2007) , i.e., against the expectations of the HaldaneHuxley rule. This difference between two passerine birds is unexpected and not easily conceived in light of alternative hypotheses for the evolution of heterochiasmy (Lenormand 2003) . For example, there is some support for the idea that haploid selection plays a role (Lenormand and Dutheil 2005) . According to this model, and assuming epistasis, the sex experiencing the largest variance in reproductive success should recombine less to keep favorable gene combinations together. However, both collared flycatchers (Sheldon et al. 1997; Sheldon and Ellegren 1999) and great reed warblers (Hasselquist et al. 1998 ) are polygynous species and there is no obvious reason to believe that the intensity of gametic selection would differ between them. As it stands now, further work in additional bird species is needed to obtain a more broad-scale picture of avian recombination rates.
Genome coverage: How large a proportion of the collared flycatcher genome is covered by this map? One way to approach this question is to make use of physical information from the chicken genome. The amount of chicken sequence contained within linkage groups shared between the chicken and the collared flycatcher is 663 Mb, or 66% of the total %1-Gb autosomal genome (the sequence assigned to chromosomes in the chicken genome assembly covers $90% of the genome). Obviously, additional sequence is covered in the flycatcher map if the 15 highly polymorphic unlinked singletons are included and when considering the fact that each end marker in all linkage groups covers some flanking distance. Assuming a similar genome size as in chicken (Gregory et al. 2006) , it may be estimated that our map covers 75-80% of the collared flycatcher genome. It is more difficult to assess the proportion of the total genetic length of the flycatcher genome covered by the map. First, we probably lack markers from a number of microchromosomes to which assembled sequence has not yet been assigned in the chicken. However small a microchromosome is, it contributes 50 cM to the total map length since there is an obligate crossing over per chromosome ( Jones and Franklin 2006) . Second, recombination rates tend to increase toward telomeres, so it can therefore be difficult to assess the amount of recombination outside linkage groups by extrapolation. When it comes to genetic coverage, we thus conclude that it must be less than the physical coverage estimated above.
Genomics of natural populations: There is a slow but steady progress in applying genetic maps for quantitative trait locus (QTL) mapping in natural animal populations (Slate 2005) , either directly in the wild or by using wild-caught individuals raised in the laboratory. Notable examples from ecologically important animal models include the analysis of the genetic basis of body armour in the stickleback Gasterosteus aculeatus (Peichel et al. 2001; Colosimo et al. 2005) and of body weight and morphology in the free-living Soay sheep Ovis aries (Beraldi et al. 2007 ) and the red deer Cervus elaphus (Slate et al. 2002) . In the two latter systems, microsatellite markers developed in closely related domestic animals could be used across species. In sticklebacks, anonymous, species-specific microsatellites were used and random approaches for map development have also included the use of microsatellites, RAPD, or AFLP markers in a number of other species (Reid et al. 2007; Troggio et al. 2007) .The development of the collared flycatcher map represents an application of a new approach to genetic mapping in natural populations. For several reasons, it benefited from an earlier systematic effort to develop a set of conserved reference markers evenly spread across the avian genome (Backström et al. 2008) .
First, through identification of particularly conserved sites for primer design, these markers had a high amplification success rate in collared flycatchers. Second, the design of intronic amplicons 500-1000 bp in size uncovered .900 polymorphic sites with just a moderate amount of screening (10 unrelated individuals; Backströ m et al. 2008), from which we could choose the most informative polymorphisms for genotyping. SNPbased mapping is particularly attractive since large-scale analysis can be conducted using automatic procedures; this study generated 150,000 genotypes. Third, and importantly, since the reference set of markers was developed to represent a uniform coverage of all assembled chicken chromosomes, the markers also covered a significant part of the collared flycatcher genome. Clearly, using the same number of randomly selected markers would not have given the same degree of genome coverage. Indeed, the high degree of synteny and geneorder conservation in birds added to this benefit, although, in principle, the use of markers evenly distributed in a related species should always give better coverage than using random markers. Fourth, as the first map of a natural population based on protein-coding gene markers, it is straightforward to transfer genetic information from model species by means of anchoring of orthologous loci. These features should apply equally to any bird species and we therefore envision that the marker set will become important for future studies of the genetics of natural bird populations. The use of the same set of markers should also aid comparison of maps across many different species. More generally, the approach of designing evenly distributed, conserved gene markers from one or more model species could potentially be applied to many groups of organisms.
While SNPs offer a nearly inexhaustible source of genetic markers that are amenable to large-scale analysis, they come with the price of typically showing lower levels of polymorphism compared to microsatellites. For this reason, we also included a set of microsatellites in this study, as this was expected to facilitate anchoring of linkage groups. However, the difference in average information content between microsatellites and SNPs was not very large (mean number of informative meioses of 240 and 184, respectively). Moreover, we could not detect any significant difference in the percentage of unlinked markers from the different categories (8 of 71 for microsatellites vs. 22 of 170 for SNP haplotypes). This is likely due to the fact that for most genes we combined SNPs into haplotypes, thereby increasing their informativeness.
To conclude, we report here a gene-based genetic map of the collared flycatcher that, when compared to the chicken map, demonstrates extensive synteny and gene-order conservation during 100 MY of evolution. This high degree of genome stability of birds is likely to have important consequences for their general evolutionary patterns, including processes of speciation.
